The double-spike used was prepared with spikes 61 Ni (batch 127890) and 62 Ni (batch 233026) provided by the Oak Ridge National Laboratory. Original spikes in metal form were dissolved separately in concentrated distilled HNO 3 and evaporated at 70 °C. Aliquots of the spikes were mixed together in known proportion to obtain a final double-spike solution at a concentration of 500 µg g -1 and with a 61 Ni/ 62 Ni ratio of ~ 1. The double-spike concentration was then determined by MC-ICP-MS using the nickel NIST SRM 986 standard solution. Considering the limited amount of spike used, we did not attempt to determine the double spike isotope composition through a gravimetric approach.
Sample digestion:
Depending on their Ni concentrations, between 50 and 250 mg of sample powder was weighed in Teflon beakers. Non-siliceous materials such as Mn-nodules, sulfides and iron meteorites were digested with 5 ml of concentrated HNO 3 and 5 ml of 6 mol l -1
HCl, while silicate rocks were digested with a mixture of 2 ml of concentrated HF (28 mol l -1
Trace Metal Grade or Suprapure grade) and 6 ml of concentrated HNO 3 . Closed beakers were put on a hot Teflon plate at 70-80 °C overnight and then caps were removed to allow evaporation to dryness. The solid residue was then dissolved in a mixture of concentrated HNO 3 and 6 mol l -1 HCl and further evaporated to dryness at a temperature of 70-80 °C. This latter step was repeated to achieve complete digestion of non-siliceous rocks and ensure removal of potential fluorides formed in the course of the first dissolution step of siliceous materials. Final solutions were prepared by dissolving the residue in 10 ml of 6 mol l -1 HCl, and one drop of optima-grade H 2 O 2 was added to each sample to ensure complete oxidation of Fe.
As explained below, all sample batches, generally including twenty-four samples, were processed with duplicates of BHVO-2, DTS-1, PCC-1, Nod-P-1 or Nod-A-1 reference materials, one procedural blank and one pure mono-elemental solution of Ni (Ni Plasma Cal standard solution made by SCP Science). Note that the shale SDO-1 and the coal CLB-1 were ashed prior to digestion at 600 °C to oxidise organic matter before chemical dissolution.
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Nickel chemical purification by ion-exchange chromatography columns:
The chemical purification protocol used was adapted from previous work by Cameron et al. (2009) and Cook et al. (2007) and followed a two-stage procedure. The first set of ion-exchange chromatography columns (i.e., disposable polypropylene columns equipped with a large-volume (15 ml) reservoir) was filled with 3 ml (wet volume) of anionic resin AG1-X8 in the chloride form (BioRad 100-200 mesh). The washing procedure of the columns was begun by loading 15 ml of ultra-pure water, then 15 ml of 3 mol l -1 HNO 3 , 15 ml of ultra-pure water, and 5 ml of 0.24 mol l -1 HCl. Conditioning was carried out with 5 ml of 6 mol l -1 HCl followed by the loading of a fraction of the final solutions in 6 mol l -1 HCl on the columns. The final solutions obtained after digestion were kept as archive solutions, and only a split was taken for ion-exchange chromatography column work. Nickel elution was achieved by passing through 15 ml of 6 mol l -1 HCl during which Fe, Zn and most of the Co and Cu were retained on the resin. The eluted Ni fraction was then taken to dryness at 100-120 °C on a hot plate and then dissolved in 1 ml of 0.24 mol l -1 HCl. This solution was then purified on a second series of chromatography columns filled with a specific nickel resin commercially available from Eichrom (Ni-Spec). As discussed below, the use of the Ni-spec resin was required to ensure complete removal of all matrix elements remaining after the anion-exchange purification step, including major rock-forming elements such as alkali and alkaline earth metals.
The specific Ni-resin, made of polymethacrylate, contains a dimethylglyoxime (DMG) molecule that scavenges Ni at pH 8-9 to form an insoluble Ni-DMG complex retained on the resin. To prevent the co-precipitation of metals in the form of insoluble hydroxides, which may inhibit the formation of the Ni-DMG complex on the resin, ammonium citrate was added to buffer solutions at pH 8-9. About 0.5 ml (wet volume) of Ni-Spec resin was loaded into disposable columns and initially washed with ultrapure water. Conditioning was made using a mixture of 2.1 ml of 0.2 mol l -1 ammonium citrate and 11.7 mol l -1 optima-grade ammonia adjusted to pH 8-9. Before loading the sample onto the column, 1 ml of the initial solution in 0.24 mol l -1 HCl was mixed with 0.3 ml of 1 mol l -1 ammonium citrate, and 0.1 ml of 11.7 mol l -1 optima-grade ammonia to maintain a pH of 8-9. The matrix was then eluted with 4.2 ml of mixed ammonium citrate and ammonia solution and 4 ml of ultra-pure water. Nickel was quantitatively eluted from the resin Before chemical purification through the Ni-spec column, a known amount of double-spike solution was added to each sample. As explained below, the double-spike amount was chosen to be equal to the Ni content in the sample. Chemistry yields were determined using the measured spike/natural ratio (i.e., 62 Ni/ 58 Ni). Chemistry blanks were also spiked, which enabled us to determine procedural blank values. Chemistry yields through Ni-spec resin were generally better than 85%, while yields through AG1-X8 resin were always quantitative. In contrast to another recently published experimental procedure for nickel purification (Gall et al. 2012) , our yields
were not dependent on the geological matrix and amount of nickel loaded on the column. Nickel procedural blanks were generally ca. 3-4 ng, and since between 0.5 and > 1 µg of nickel was generally processed through chemistry (see footnotes in Tables 3, 4 , 5, 6 and 7), this blank level was considered negligible and did not require any correction. However, when smaller sample sizes are analysed, care should be taken to reduce these blanks.
Mass spectrometry procedure and data reduction scheme Delta notation: Nickel isotope composition is expressed following the conventional stable isotope delta notation, i.e., sample isotopic ratios are expressed relative to a standard ratio as per mil deviation (‰) following:
where R spl and R NIST are the isotopic ratios 
Considering that nickel recovery yield on the Ni-spec resin purification step ranged from 85% to 99%, it is possible that Cu-corrected Ni isotope compositions of purified samples were affected by significant analytical artefacts. Hence, this correction method is only suitable for Ni-rich ores
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Determination of the double-spike composition:
In theory, double-spike composition can be determined either gravimetrically or after normalisation to a known isotopic reference material, such as NIST SRM 986 (Gramlich et al. 1989) . In practice, however, the gravimetric technique does not yield a sufficiently precise composition for small quantities of spike. In addition, isotope ratios might be influenced by the type of instrument and instrumental settings, and it is therefore critical to cross-calibrate both isotope reference materials and spike on the same instrument. Indeed, as discussed previously by Siebert et al. (2001) , uncertainties on the natural spike and RM isotope composition do not introduce bias providing that both double spike and RM are calibrated on the same instrument and that isotope data are expressed as δ 60/58 Ni values.
The isotopic composition of NIST SRM 986 was first determined by internal normalisation using a 60 Ni/ 58 Ni ratio of 0.385199 ± 0.000728 (2s) (Gramlich et al. 1989) . This ratio was then used to calculate the instrumental mass-discrimination factor f Ni , which allowed the calculation of other isotopic ratios, i. solution was used to calculate the f Cu /f Ni ratio, which was then applied to Cu-doped pure doublespike solution. In order to avoid cross-contamination between the standard solution and the double-spike solution, an extended rinse time and "on-peak zero" method was used. Results are presented in Table 2 .
Double spike correction scheme:
The double-spike calculation procedure was based used to determine fractionation factors between the measured and corrected isotopic ratios (Albarede and Beard 2004) . A template was established to calculate those plane intercepts by making iterative calculations to account for both natural and instrumental fractionation factors, which were applied subsequently to the measured raw isotope ratios. At least two nested iterations were run to properly obtain the fractionation factors. The template could be performed either on an Excel™ spreadsheet or using Matlab™.
In order to obtain satisfactory precision, fifty analytical cycles (~ 4 min of total integration time)
were acquired during sample analysis. Each sample analysis was bracketed by the measurements of NIST SRM 986 nickel solutions at the same nickel concentration and spike/standard ratio as that of the samples. The double spike method offers several advantages relative to the Cu-doping or sample-calibrator bracketing methods by allowing: (i) the correction of potential isotopic fractionation during chemical separation through Ni-spec resin; (ii) the determination of precise and accurate nickel concentrations of samples using the isotopic dilution method; (iii) better overall analytical precision (because corrected ratios were less affected by the stability of the instrumental mass bias and the assumption that f Cu /f Ni remained constant throughout the analytical session); and (iv) accurate measurement of very small amounts of nickel, down to 50 ng, by MC-ICP-MS.
Results of analytical method development Measurement precision and limit of detection
For each analysis, the measurement precision is reported as a two standard error of the mean calculated on fifty cycles of measurement during MC-ICP-MS acquisition. Figure 1 , the two standard error of the mean calculated for each analysis is reported against the nickel concentrations, and shows that below 30 ng g -1 the precision slightly deteriorated to about ± 0.07‰, but became worse at 10 ng g -1 and lower concentrations, e.g., 2SE = 0.59‰ at 2 ng g -1 of nickel.
For optimum measurement precision during isotope measurements, we usually ran samples with nickel concentrations of 100-200 ng g -1 , when using either the ApexQ or SiS introduction systems on the MC-ICP-MS instrument.
Intermediate measurement precision of NIST SRM 986 and RMs
A spiked NIST SRM 986 solution was measured before and after each sample in a manner similar to the calibrator-sample bracketing (CSB) analysis. We found that the Ni isotope ratios of NIST SRM 986 calculated using the double-spike method may deviate by up to 0.2‰ per mass unit between analytical sessions but remained constant within 0.02-0.05‰ (2s) during each analytical session. As a result, we normalised delta values of the samples relative to the average NIST SRM 986 Ni isotope ratios determined during the same analytical session. The large data set acquired for NIST SRM 986 allowed us to evaluate the measurement precision under intermediate precision conditions of the Ni isotope composition determined by the double-spike method. For instance, 2s determined using all NIST SRM 986 delta values calculated so far gave a value of 0.045‰ for 320 measurements.
The precision under intermediate precision conditions was also estimated for certified reference materials (BHVO-2, PCC-1, DTS-1, DNC-1, BIR-1, Nod-A-1 and Nod-P-1) using duplicate analyses of these samples (see footnotes of Ni values generally did not deviate by more than 0.069‰ (2s ; Tables 3   and 7) , which is similar to the intermediate measurement precision of NIST SRM 986. It is also important to note that for BHVO-2 the isotopic composition and recovery remained invariant even for different amounts of sample material processed through the chemistry, i.e., between 0.2 and 5 µg of nickel. In addition, the mono-elemental solution of Ni-PCal (Ni Plasmacal®, SCP science) processed through the entire chromatography procedure (Figure 2 ) yielded an average value of 0.020 ± 0.065‰ (2s, n = 24), which is similar to that for direct analysis of Ni-PCal standard solution.
Alternatively, another method for estimating the precision under intermediate precision conditions would be to pool all the data and to calculate the standard deviation using Equation (5) (Steele et al. 2011) :
where s is the standard deviation, k is the degree of freedom and d is the deviation from the mean. This method is appropriate when conditions of sample processing and measurement are similar. From data in Table 3 with five samples and 21 degrees of freedom (not including the BHVO-2 spiked after the purification procedure), 2s was 0.045‰; from data in Table 7 et al. (2011) , indicating that in our study both methods were adequate for assessing the measurement reproducibility ('external precision').
Optimum spike/sample ratio for Ni isotope determination
Several tests were undertaken with different spike/sample ratios (between 0.03 and 8) to evaluate the robustness of the double-spike correction. For each sample used for the tests, the concentration of NIST SRM 986 was kept fixed and different amounts of double-spike were added to make final solutions with different spike/sample ratios, which is tantamount to 61 Ni/ 58 Ni ratios. To simply visualise the meaning of the spike/sample ratio, one should consider that nickel from the NIST SRM 986 solution is equivalent to the nickel present in a natural sample (denominator of the ratio), whereas nickel from the double-spike solution is the spike (numerator of the ratio). Instead of simply reporting a concentration ratio (concentration of spike/concentration of NIST SRM 986), the spike/sample ratio was calculated using measured intensities (corrected for instrumental mass bias), isotopic masses, and true 61 Ni/ 58 Ni ratios of NIST SRM 986 and the double-spike mixture.
As shown in Figure 3 , only under-spiked samples may not be properly corrected. Indeed, spike/sample ratios lower or equal to 0.6 yielded δ 60/58 Ni values ranging between -0.05 ± 0.02‰ (2SE) and -0.24 ± 0.06‰ for NIST SRM 986, whereas ratios higher than 0.6 yielded δ 60/58 Ni values clustering around 0.01 ± 0.02‰. Even spike/sample ratios of up to 7 gave consistent δ 60/58 Ni values of 0.04 ± 0.02‰. Although an optimum precision was obtained for spike/sample ratios between 0.7 and 8, we used a spike/sample ratio ~ 1 throughout this study. 
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Evaluation of potential matrix effect and chemical purification efficiency
Chemical purification efficiency was checked for a number of RMs (e.g., manganese nodules, basalts and shale) by measuring concentrations of matrix elements with an ICP-Quadrupole (ICP-Q-MS, X-series II) at PSO, Brest. Potassium, Na, Ca, Cr, Mn, Fe, Mo and Co concentrations in purified samples were all below the detection limit of the instrument. The estimated separation efficiency factor, defined as the mass (g) of an element loaded on resin divided by the mass of the element remaining after purification, was > 10 6 for Na and Mg, ~ 10 6 for Cu and > 10 7 for Mn. Titanium was found more difficult to separate with a separation factor as low as 10 3 . On the other hand, Zn was well separated (separation efficiency factor better than 10 6 ), although care should be taken to avoid Zn contamination during sample preparation. Since 64 Ni was not considered in our double-spike calculations and final results, potential isobaric interference from 64 Zn was not critical for our study. Iron was not detected in all analysed solutions (separation efficiency >>10 6 ), which suggests that iron was quantitatively separated during the chemical procedure even if samples had high amounts of iron.
Potential matrix effects were further assessed using several NIST SRM 986 solutions doped separately with Ca and S. Since several Ni-rich sulfides were analysed without Ni-spec resin column purification, we tested the influence of sulfur on the instrumental mass bias with S/Ni ratios between 2 and 0.5 in analysed solutions. The same was also done with Ca, which is a good proxy for matrix-forming elements in silicate rocks. Calcium is also a source of potential isobaric interferences from calcium oxides (e.g., 40 Ca 18 O on 58 Ni). Matrix-doped nickel solutions were analysed using a calibrator-sample bracketing method and without a nickel double-spike in order to monitor all natural Ni isotope ratios. As shown in and S were corrected for instrumental mass bias using the sample-calibrator bracketing method.
The reported precision is the two standard deviation value based on replicate measurements of non-doped NIST SRM 986.
Comparison between Cu-doping and double-spike correction methods for instrumental mass bias
Several Ni-rich sulfides as well as iron meteorites (i.e., Ni-rich meteorites) were analysed and corrected for instrumental mass bias using two different methods. One method involved sample purification through anion-exchange resin and instrumental mass bias correction based on Cudoping. The second method involved purification through the entire procedure and double-spike correction. As shown in Figure 4 , values calculated with the two methods fall within uncertainties for the total range of δ 60/58 Ni values from -0.60‰ to 0.40‰. These results further validate the reliability of the double-spike data reduction scheme. Igneous and ultramafic rock samples: As presented in Table 3 and Figure 5 , mafic and ultramafic RMs (i.e., basalt, dunite and peridotite) closely clustered within a range of δ 60/58 Ni values between -0.10‰ and +0.15‰; BHVO-2 gave a near zero δ 60/58 Ni value (0.01 ± 0.04‰, 2s, n = 11). Table 4 The choice of these samples was essentially motivated by our attempt to assess a value for the BSE composition, and we did not expect to obtain such a large range of variation in the Ni isotope composition of komatiites. Regardless of the, as yet unclear, mechanism of Ni isotope fractionation in komatiites, our results clearly demonstrate that significant abiotic fractionation of Ni isotopes took place during the magmatic processes that formed these rocks. This indicates that Ni isotopes are at least as sensitive as Fe isotopes to high-temperature processes and crystallisation effects in magmatic systems. Although a detailed discussion of parameters that govern Ni isotope fractionation at high temperature is beyond the scope of this paper, these promising results coupled to their ubiquitous occurrence in mantle rocks mean that Ni isotopes could be potentially used to investigate crystallisation processes at the magmatic system scale. 
Sample analysis results and discussion
Assessment of the Bulk Silicate Earth (BSE) Ni isotope composition
Ni isotope composition of the
Ni isotopes in selected RMs
Organic matter-rich samples: Samples containing high contents of organic matter, namely SDO-1 Devonian Ohio shale (Morehead, Kentucky, USA) and CLB-1 coal (Maryland, USA) gave δ 60/58 Ni values of +0.58‰ and +0.47‰, respectively (Table 7 and Figure 5 ). These positive values relative to BSE provide strong evidence for Ni isotope fractionation in lowtemperature environments with interesting prospects for future studies. Although shales are generally considered as a proxy for bulk crustal composition (e.g., Turekian and Wedepohl 1961), organic-rich shales are characterised by authigenic enrichments of redox-sensitive trace metals such as Mo, Ni, U, Cu, V and Zn, leading to metal/Al ratios well above crustal values (e.g., Algeo and Maynard 2004 , Brumsack 2006 , Tribovillard et al. 2006 , Scott et al. 2008 , Scott et al. 2011 . In marine sediments nickel has a strong affinity to organic matter, forming organometallic complexes, and with iron sulfides (e.g., pyrite), which may form either in the water column or during diagenesis in sediments. Hence, positive Ni isotope values in marine organic matter-rich sediments probably reflect the contribution of isotopically heavy nickel sources, derived either directly from seawater or in association with organic matter. (Table 7 and Figure 5 ).
Mn-nodule
These nodules had been analysed previously for other isotopic systems (Table 8) (Table 7) .
Ni isotope composition of iron meteorites
Our main goals in measuring iron meteorite samples were to implement our experimental and analytical procedure on Ni-rich rocks and to compare our data with results from previous studies.
Since the first Ni isotope measurements were made on meteoritic materials to study nucleosynthetic processes (Birck and Lugmair 1988 , Cook et al. 2006 , 2007 , Moynier et al. 2007 , Regelous et al. 2008 , Chen et al. 2009 ), the available dataset of Ni isotope determinations mainly concerns extraterrestrial reservoirs with the main focus on mass-independent Ni isotope variations.
The Gibeon and Nantan Iron meteorites both displayed fairly similar positive δ 60/58 Ni values (see 
